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Title: 

COMPENSATOR FOR WAVELENGTH DISPERSION AND LIGHT 
TRANSMISSION SYSTEM USING THE SAME 

Abstract: 

PROBLEM TO BE SOLVED: To provide a micro and inexpensive compensator for 
wavelength dispersion, of which dispersion compensation amount is variable, and to 
provide a light transmission system in which the compensator is used. SOLUTION: The 
system is so composed that the wavelength dispersion is compensated by making use of 
the dispersion characteristic of light which propagates through defects in a photonic 
crystal. The system is composed of a waveguide array 1 on which a plurality of 
dispersion compensation waveguides 5 having dispersion compensation amounts 
different from one another is provided, a driving device 2 for driving the waveguide array 
1, optical fibers 3 and 4 for input and output of an optical signal. The dispersion 
compensation waveguides 5 is composed of an ordinary waveguide 6 and a photonic 
crystal defect waveguide 7 which is responsible for the dispersion compensation, and 
the length of every waveguide 7 is made different from one another so that the dispersion 

compensation amount is made different. 
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Title: 

DISPERSION COMPENSATOR 



Abstract:. 

PROBLEM TO BE SOLVED: To provide a dispersion compensator which is a 
transmission type, small in size and inexpensive, which has a large dispersion quantity 
to be compensated, and which can continuously vary the dispersion quantity by easy 
operation. SOLUTION: The compensator has a multilayered film structure of dielectric 
materials consisting of a first dielectric material region, a second dielectric material 
region and a thin film between these regions. The first dielectric material region is 
produced by alternately laminating first dielectric thin films having the thickness as 
about 1/4 of the wavelength of the incident light in the first medium and second dielectric 
thin films each having the refractive index different from that of the first dielectric 
material and having the thickness as about 1/4 wavelength of the incident light in the 
second medium. The second dielectric material region is produced by alternately 
laminating third dielectric thin films each having the thickness as about 1/4 wavelength of 
the incident light in the third medium and fourth dielectric thin films each having the 
refractive index different from that of the third dielectric material and having the 
thickness as about 1/4 wavelength of the incident light in the fourth medium. The thin film 
between the above regions is a fifth dielectric thin film having the thickness as about 1/2 

of the wavelength of the incident light in the fifth medium. In this structure, the 
dispersion value can be continuously varied by using such property that the dispersion 
almost linearly and continuously varies from positive to negative with respect to the 
wavelength in a high transmittance region formed almost in the center of the high 

reflection region. 
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Title: 

OPTICAL SWITCH WITH PHOTONIC CRYSTAL STRUCTURE 



Abstract: 

PROBLEM TO BE SOLVED: To provide an optical switch which has a photonic crystal 
structure. SOLUTION: This optical switch has a slab type optical waveguide, the core 35 
of which has a two-dimensional photonic crystal structure wherein >=2 kinds of media 

33 and 34 having different refractive indexes are arrayed regularly and cyclically in two 
dimensions. The photonic crystal structure has a linear defective waveguide on a straight 
line and a means which varies the refractive index of the linear defective waveguide. 
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Title: 

WAVELENGTH DISPERSION COMPENSATOR 



Abstract: 

PROBLEM TO BE SOLVED: To compensate the distortion of light pulse waveforms by 
wavelength dispersion by compact means. SOLUTION: Chirped incident pulse light 1 in 
which the wavelength dispersion occurs is made incident on the end face of a photonic 
crystal 3 by a focusing lens 2. When the incident pulse signal light 1 propagates in this 
photonic crystal 3, the chirp is lessened by the dispersion characteristic of the photonic 

crystal 3. The pulse signal light emitted from the end face on the side opposite to the 
incident side is collimated by a collimating lens 4 to collimated light, which is made into 
exit pulse light 5. The photonic crystal 3 has a bulk structure in which media 7 having a 
second refractive index n2 are periodically embedded in a two-dimensional triangular 
grid form into a medium 6 having a first refractive index n1. One of the two media varying 
in the refractive index may be air or vacuum. The periodic structure is not limited to the 
two-dimensional triangular grids and may be two-dimensional period structures of 
square grids, long grids, diagonal grids, etc., or may be a three-dimensional period 

structure. 
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(54) All-pass optical filter 

(57) An all-pass optical filter which reduces the dis- 
persion of optical pulses transmitted therethrough is dis- 
closed. The all-pass optical filter reduces the dispersion 
of optical pulses by applying a desired phase response 
to optical pulses transmitted therethrough. The all-pass 



optical filter also has a frequency independent ampli- 
tude response. The all-pass optical filter has a structure 
which includes at least one feedback path, a split- 
ter/combiner, an input port, and an output port. 
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Description 

1. Field of the Invention 

5 [0001] The present invention relates generally to optical communication systems, and more particularly, to optical 
filters. 

2. Description of the Related Art 

10 [0002] Optical communication systems typically include a variety of devices (e. g., light sources, photodetectors, 
switches, optical fibers, modulators, amplifiers, and filters). For example, in the optical communication system 1 shown 
in FIG. 1 , a light source 2 generates an optical signal 3. The optical signal 3 comprises a series of light pulses. The light 
pulses are transmitted from the light source 2 to a detector 5. Typically, an optical f foer 4 transmits the light pulses from 
the light source 2 to the detector 5. The optical fiber 4 has amplifiers (not shown) and filters (not shown) positioned 

is along its length. The amplifiers and filters propagate the light pulses along the length of the optical fiber 4 from the light 
source 2 to the detector 5. 

[0003] Optical communication systems are useful for transmitting optical signals over long distances at high 
speeds. For example, optical signals are routinely transmitted distances greater than about 60 kilometers at transmis- 
sion speeds exceeding 1 Gbit/s (Gigabit/second). 

20 [0004] As shown on the graph of FIG. 2A, an optical pulse 1 0 typically comprises a packet of waves, wherein each 
wave in the packet, denoted as 15, is within a frequency bandwidth of a/. Additionally, each wave 15 in the packet is 
characterized by a plurality of different frequencies as well as a plurality of different amplitudes. An optical device or 
component (e. g., amplifiers, filters, and fibers) has an amplitude response and a phase response. The amplitude 
response describes the attenuation of each frequency in the optical pulse after transmission through the optical device 

25 relative to their attenuation before transmission through the optical device. The phase response determines the time 
delay, denoted as 17, for each frequency 15 in the packet of waves. 

[0005] Many optical devices or components used for transmitting optical pulses apply a nonlinear phase response 
to the optical pulse. The nonlinear phase response changes the separation time between each frequency 15 of the 
packet of waves, causing each frequency 1 5 to be delayed for a different length of time. When each frequency 1 5 of the 
30 packet of waves is delayed for a different length of time, the optical pulse 10 output from such device or component is 
broadened and/or distorted, as shown on the graph of 

FIG. 2B. Broadening the optical pulse is undesirable because, depending on the time between optical pulses, the lead- 
ing and trailing edges of the broadened pulse, denoted as 25, potentially interfere with the trailing edge of a previous 
optical pulse or the leading edge of a subsequent optical pulse, causing transmission errors. Devices or components in 

35 optical communication systems which broaden optical pulses are termed dispersive devices. 

[0006] The dispersion of optical signals caused by the dispersive devices can be reduced with a dispersion com- 
pensating element. The term dispersion as used in this disclosure refers to the first and higher order derivatives of the 
group delay that are applied to the optical signal. The term group delay refers to the slope of the phase response at 
each frequency in the packet of waves. The dispersion compensating element applies a second dispersion to the optical 

40 signal which is the negative of the dispersion that was caused by the dispersive device. The second dispersion is addi- 
tive with the dispersion applied by the dispersive device, so the net dispersion of the optical signal is about zero. 
[0007] Dispersion compensating fibers and chirped fiber Bragg gratings are examples of fiber dispersion compen- 
sating elements. However, dispersion compensating fibers are lossy (-5-10 dB). Lossy fibers are undesirable because 
they potentially reduce the optical power of signals transmitted along their length. Many chirped fiber Bragg gratings 

45 typically only compensate for quadratic dispersion, limiting their utility to systems with quadratic dispersion. Also, 
chirped fiber Bragg gratings require a circulator for separating dispersion compensated optical signals from non-com- 
pensated optical signals. Additionally, chirped fiber Bragg gratings are long devices, making them expensive to inte- 
grate into optical communication systems. 

[0008] Another dispersion compensating element, a dispersion equalizer, is described in Takiguchi, et al., "Variable 
so Group-Delay Dispersion Equalizer Using Lattice-Form Programmable Optical Filter on Planar Lightwave Circuit", IEEE 
J. of Quant. Elect .. Vol. 2, No. 2, June 1996, pp. 270-276. The Takiguchi et al. dispersion equalizer is a filter which 
includes / + 1 symmetrical Mach-Zehnder interferometers (MZIs) interleaved with / asymmetrical MZIs, where / is an 
integer. The term "symmetrical" as used in this disclosure means that the lengths of the two waveguide arms of the 
MZIs are the same, while the term "asymmetrical" means that the lengths of the two waveguide arms are different. 
55 While the Takiguchi et al. dispersion equalizers compensate for dispersion, the amplitude and phase responses are not 
independent. The result is that a frequency-dependent loss, introduced by the filter, potentially reduces the useable 
pass-band width of the filter. Additionally, the Takiguchi et al. dispersion equalizer is expensive and difficult to fabricate 
since a large number of symmetrical MZIs and asymmetrical MZIs are needed for dispersion compensation. 
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[0009] Moslehi et al. (U. S. Patent 4,768,850) also describes a dispersion compensating fitter. The dispersion com- 
pensating filter is a cascaded fiber optic lattice fitter. The cascaded fiber optic filter uses a cascade of recursive and non- 
recursive fiber optic lattice filters to compensate for dispersion. However, the single-stage cascaded fiber optic lattice 
filters of Moslehi et al. are lossy (-20 dB). Since the Moslehi et al. devices are lossy, signal amplification is required for 

5 providing optical signals having adequate signal strengths for transmission along the optical fiber. 

[0010] Dilwali, S. et al.. "Pulse Response of a Fiber Dispersion Equalizing Scheme Based on an Optical Resona- 
tor", IEEE Phon. Tech. Lett. . Vol. 4, No. 8, pp 942-944 (1992) proposes the use of a single-stage fiber ring structure as 
a dispersion equalizer in optical fibers. However, dispersion compensation using a single stage fiber ring structure 
affects the useable pass-band of the filter, reducing it. 

10 [0011] Li, K. D. et al., "Broadband Cubic-Phase Compensation with Resonant Gires-Tournois Interferometers", 
Optics Lett.. Vol. 14, No. 9, pp 450-452 (May 1989) discloses the use of Gires-Tournois interferometers (GTIs) for the 
dispersion compensation of ultrashort laser pulses. Each GTI includes two reflectors which are separated one from the 
other by a fixed distance. One reflector has a reflectivity of 1 00 % and the other reflector has a reflectivity less than 1 00 
%. However, the GTI arrangement only provides moderate dispersion compensation to the ultrashort laser pulses, lim- 

15 iting the ability for transmitting optical signals at high bit rates. 

[001 2] Additionally, optical filters which apply time delays are useful for synchronizing bit streams of optical signals. 
For example, optical communication systems utilizing time division multiplexed (TDM) techniques (see Hall, K. L. et al., 
"All-Optical Storage of a 1 .25 kbit Packet at 10 Gb/s", IEEE Phon. Tech. Lett.. Vol. 7, No. 9, pp. 1093-1095 (September 
1995), require the synchronization of bit streams of optical signals to delay the propagation of some optical signals in 

20 time. 

Summary of the Invention 

[001 3] The present invention is directed to an all-pass optical filter. The all-pass optical filter reduces the dispersion 
25 of optical pulses transmitted therethrough. The all-pass optical filter reduces the dispersion of optical pulses by applying 
a desired phase response to optical pulses transmitted therethrough. 

[0014] The desired phase response applies a frequency-dependent time delay to each frequency of each wave in 
the packet of waves contained in the optical pulse. Application of the frequency-dependent time delay to each frequency 
of each wave in the packet of waves contained in the optical pulse causes the total group delay of pulses transmitted 
30 through the all-pass optical filter to approximate a constant value. When the total group delay approximates a constant 
value, the dispersion of the optical pulse (first and higher order derivatives of the group delay) reduces to about zero. 
[0015] The all-pass optical filter of the present invention also has a frequency independent amplitude response. 
That is, the amplitude of each frequency of the optical pulse transmitted through the all-pass optical filter is substantially 
preserved. 

35 [001 6] The all-pass optical filter of the present invention has a structure which includes at least one feedback path, 
a splitter/combiner, an input port, and an output port. The splitter/combiner is coupled to at least one of the feedback 
paths, the input port, and the output port. The splitter/combiner determines what portion of an input optical pulse is pro- 
vided to the at least one feedback paths. Thereafter, the at least one feedback path applies the desired phase response 
to the optical pulses transmitted through the all-pass optical filter. 

40 [0017] Each of the at least one feedback paths forms a loop having a path length. The path lengths of each feed- 
back path are optionally different. Feedback paths with different path lengths are desirable because they potentially 
increase the free spectral range (FSR) of the all-pass optical filter. The term FSR as used in this disclosure refers to the 
period over which the phase response of the optical pulse repeats. 

[0018] In one embodiment of the present invention, the feedback path of the all-pass optical filter has a ring reso- 
45 nator structure. The ring resonator structure includes one or more ring resonators where each of the ring resonators is 
a closed loop. The one or more ring resonators are optionally arranged as a ring cascade or as a series of coupled 
rings. The ring cascade couples a first ring resonator with a splitter/combiner and then the remaining ring resonators 
are coupled one to another. For the series of coupled rings, each ring is independently coupled to a splitter/combiner. 
[0019] In an alternate embodiment of the present invention, the at least one feedback path of the all-pass optical 
so filter includes a cavity and a plurality of reflectors. At least one reflector of the plurality of reflectors has a reflectivity of 
about 100 %, while the remaining reflectors are partial reflectors with reflectivities less than 100 %. Twice the length of 
the cavity determines the path length of the feedback path. The partial reflectors perform the functions of the split- 
ter/combiner. 

[0020] Another embodiment of the present invention uses a photonic band gap (PBG) structure as the feedback 
55 path of the all-pass optical filter. The photonic band gap (PGB) structure includes periodic layers of a material which 
confine a range of frequencies within such periodic layers. Defects formed in a 2-dimensional array of such layers (2-D 
PBG) provides a guided feedback path for optical pulses propagated therein. Point defects optionally formed at the 
edges of the 2-D PBG structure perform the functions of the splitter/combiner, coupling optical signals into and away 
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from such feedback path. 

[0021] A plurality of all-pass optical filters of the present invention are suited for use in an optical communication 
system. The plurality of all-pass optical filters are optionally arranged as a concatenated series. 
[0022] The all-pass optical filter of the present invention is optionally suitable for delaying the transmission of optical 
s pulses in time. The all-pass optical filter delays the transmission of optical signals by lengthening the time for optical 
pulses to be transmitted therethrough. 

[0023] Other objects and features of the present invention will become apparent from the following detailed descrip- 
tion considered in conjunction with the accompanying drawings. It is to be understood, however, that the drawings are 
designed solely for purposes of illustration and do not serve to limit the invention, for which reference should be made 
w to the appended claims. 

Brief Description of the Drawings 

[0024] 

15 

FIG. 1 shows an optical communication system including a light source, an optical filter, and a detector; 

FIG. 2 A is a graph of an optical pulse comprising a packet of frequencies, wherein each frequency in the packet is 

within a frequency bandwidth of Af; 

FIG. 2B shows a graph of the optical pulse of FIG. 2B after its propagation through a dispersive device; 
20 FIG. 3 shows an optical communication system including an all-pass optical filter of the present invention; 

FIG. 4A shows an embodiment of the all-pass optical filter of the present invention including at least one feedback 
path, an input port, and an output port; 

FIG. 4B shows an alternate embodiment of the all-pass optical filter of FIG. 4A including a plurality of feedback 
paths wherein one or more of the plurality of feedback paths includes an ail-pass optical filter 
25 FIG. 5 is a plot showing the frequency dependent time delay applied by the feedback path of the all-pass optical 
filter to the packet of frequencies contained in the optical pulse; 

FIG. 6A illustrates an embodiment of the all-pass optical filter of the present invention wherein the feedback path 
includes a series of coupled rings; 

FIG. 6B illustrates an embodiment of the all-pass optical filter of the present invention wherein the feedback path 
30 has a ring cascade structure; 

FIG. 7A illustrates an embodiment of the all-pass optical filter of the present invention wherein the feedback path 

combines a cavity with a plurality of reflectors, wherein at least one reflector has a reflectivity of about 100 %; 

FIG. 7B illustrates an embodiment of the all-pass optical filter of the present invention wherein the feedback path 

includes a plurality of cavities and a plurality of reflectors; 
35 FIG. 8 illustrates an embodiment of the all-pass optical filter of the present invention wherein the feedback path 

includes a photonic band gap (PBG) structure; 

FIG. 9A illustrates an embodiment of the all-pass optical filter of the present invention wherein the feedback path 
has a Mach-Zehnder Interferometer structure with waveguide arms having different lengths; 
FIG. 9B illustrates an embodiment of the all-pass optical filter of the present invention wherein the feedback path 
40 has a Mach-Zehnder Interferometer structure with crossed waveguide arms that have about the same lengths; 

FIG. 1 0A is a graph showing the group delay of an elliptical bandpass filter and an all-pass filter plotted as a func- 
tion of the normalized frequency; 

FIG. 10B is a graph showing the dispersion of a Gaussian pulse after it has been transmitted through the elliptical 
bandpass filter of Example 1 ; 

45 FIG. 1 0C is a graph of the Gaussian pulse of FIG. 1 0B after it has been transmitted through an all-pass optical filter 
of the present invention; 

FIG. 1 1 shows a graph of the time delay applied to an optical pulse by the 4 th order all-pass optical filter described 
in Example 2; and 

FIG. 1 2 is a graph which shows the dispersion correction applied to the wavelengths of the WDM system described 
so in Example 3. 

Detailed Description 

[0025] The present invention is directed to an all-pass optical filter. The all-pass optical filter is optionally included 
55 in an optical communication system 100. As shown in FIG. 3, optical communication system 100 includes an optical 
fiber 115 and an all-pass optical filter 130. Optical communication system 100 optionally includes a variety of devices 
(not shown) such as light sources, photodetectors, switches, modulators, amplifiers, and filters. The optical fiber 1 15 is 
coupled with the all-pass optical filter 1 30. An optical pulse 1 20 is transmitted in optical communication system 1 00. The 
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optical pulse 120 contains a packet of frequencies. Each frequency of the packet of frequencies has an amplitude. 
[0026] The optical pulse 120 transmitted in optical communication system 1 00 is input into the all-pass optical filter 
130. The all-pass optical filter 130 reduces the dispersion of the optical pulses transmitted therethrough. The all-pass 
optical filter 130 reduces the dispersion of optical pulses by applying a desired phase response to optical pulses trans- 
mitted therethrough. 

[0027] The desired phase response applies a frequency-dependent time delay to each frequency of each wave in 
the packet of waves contained in the optical pulse. Application of the frequency-dependent time delay to each frequency 
of each wave in the packet of waves contained in the optical pulse causes the total group delay of pulses transmitted 
through the all-pass optical filter to approximate a constant value. When the total group delay approximates a constant 
value, the dispersion of the optical pulse (first and higher order derivatives of the group delay) reduces to about zero. 
[0028] The all-pass optical filter 1 30 of the present invention also has a frequency independent amplitude response. 
That is, the amplitude of each frequency of the optical pulse transmitted through the all-pass optical filter is substantially 
preserved. 

[0029] As shown in FIG. 4A, the all-pass optical filter 130 includes at least one feedback path 145, a splitter/com- 
biner 143, an input port 140, and an output port 150. The splitter/combiner 143 is coupled with at least one feedback 
path 145, the input port 140, and the output port 150. The splitter/combiner 143 couples portions of the input optical 
pulse into and away from the feedback path 145. 

[0030] When an optical pulse 120 enters the all-pass optical filter, a portion of the optical pulse is provided to the 
feedback path 145. The portion of the optical pulse provided to the feedback path 145, circulates repeatedly therein. 
However, at each pass of the optical pulse in the feedback path 145, some portion thereof is provided through the split- 
ter/combiner 143 to the output port 1 50. Providing some portion of the optical pulse circulating in the feedback path 145 
through the splitter/combiner 143 to the output port 145, incrementally reduces the portion of the optical pulse intro- 
duced into the feedback path 145, in effect removing it therefrom. 

[0031 ] ' Coupling ratios for the splitter/combiner 1 43 and the feedback path 1 45 determine the portions of the optical 
pulse 1 20 that are coupled into and away from the feedback path 1 45. The magnitude of the coupling ratios for the split- 
ter/combiner 143 and the feedback path 145 are a matter of design choice. 

[0032] The length of the feedback path 1 45 is typically much shorter (about one order of magnitude) than the optical 
pulse length. Thus, as the input optical pulse 120 circulates repeatedly along the feedback path 145, it interferes with 
itself. That is, the leading edge portions of the optical signal circulating in the feedback path interfere with the trailing 
edge portions of the optical signal being input thereto. Interference between the leading and trailing edges of the optical 
pulse applies the frequency dependent time delay to each frequency contained therein. 

[0033] An alternate embodiment of the all-pass optical filter of FIG. 4A including a plurality of feedback paths is 
shown in FIG. 4B. In FIG. 4B one or more of the plurality of feedback paths may include at least one all-pass optical 
filter 100. When an all-pass optical filter is included in a feedback path, the all-pass optical filter 100 applies a frequency 
dependent time delay to the portions of the optical signal circulating in the feedback 
path 145 independent from any frequency dependent time delay applied by the feedback path 145. 
[0034] FIG. 5 is a graph of the group delay of an all-pass optical filter having one feedback path. In FIG. 5, the nor- 
malized frequency, (^ -f 0 )ftree spectral range (FSR), is plotted as a function of the time delay. 
[0035] Frequencies in the packet of frequencies of the optical pulse that fit an integer number of wavelengths on the 
feedback path are termed resonant frequencies and have a normalized frequency equal to zero, denoted as 1 70 on the 
graph of FIG. 5. The maximum time delays are applied to the resonant frequencies 170. Frequencies that do not fit an 
integer number of wavelengths on the feedback path are termed off-resonant frequencies. Time delays less than the 
maximum time delays are applied to the off-resonant frequencies. For example, frequencies that are resonant frequen- 
cies 170 have a time delay of about 20 au (arbitrary units) applied thereto, while off-resonant frequencies located at a 
point A on the graph of FIG. 5, denoted as 175, with a normalized frequency of about -0.05 have a time delay of about 
2.5 au applied thereto. 

[0036] After the frequency dependent time delays are applied to each frequency of the optical pulse, the optical 
pulse is output from the all-pass optical filter through the output port 150. 

[0037] In one embodiment of the present invention, the at least one feedback path of the all-pass optical filter has 
a ring resonator structure, as shown in FIGS. 6A-6B. The ring resonator structure includes one or more ring resonators 
180 wherein each of the ring resonators is a closed loop. The one or more ring resonators are optionally arranged as a 
ring cascade or as a series of coupled rings. 

[0038] FIG. 6A depicts a structure with a series of coupled rings 175, wherein a first ring resonator 181 is coupled 
with the splitter/combiner 178 and then the remaining ring resonators 180 are coupled one to another. For the series of 
coupled ring resonators 175, the feedback path has a length which includes the length of each of the ring resonators 
180, 181 . Filter parameters such as the coupling coefficients, k, for each ring, denoted as k 1( k 2 , and k 3 , as well as the 
phase, <)>, of each ring resonator, denoted ^ <t> 2 , and <j> 3 , are also shown. The coupling coefficients and the phase of the 
ring resonators are determined based on the free spectral range (FSR) of the filter. 
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[0039] FIG. 6B shows the ring cascade structure, wherein each ring resonator 180 is independently coupled to a 
splitter/combiner 178. For the ring cascade structure, the feedback path has a length which includes the length of each 
of the ring resonators 180. 

[0040] In an alternate embodiment of the present invention, the at least one feedback path of the all-pass optical 
s filter includes at least one cavity 205 and a plurality of reflectors 21 0. as shown in FIG. 7A. At least one of the plurality 
of reflectors 210 has a reflectivity of about 100 %, while the remaining reflectors are partial reflectors with reflectivities 
less than 100 %. Twice the length of the cavity 205 determines the path length of the feedback path. The partial reflec- 
tors perform the functions of the splitter/combiner. 

[0041 ] Multiple feedback paths are optionally formed by combining a plurality of reflectors 21 0 and a plurality of cav- 
10 ities 205, as shown in the coupled cavity structure 200 of FIG. 7B. The coupled cavity structure 200 includes at least 
two arms 203. Each arm 203 contains a plurality of cavities 205 and a plurality of reflectors 210. The two or more arms 
of the coupled cavity structure provide separate paths for the input optical pulse and the reflected optical pulse. For 
example, as shown in FIG. 7B, input path 206 is separate from output path 212. 

[0042] Another embodiment of the present invention uses a photonic band gap (PBG) structure 220 as the feed- 
15 back path of the all-pass optical filter, as shown in FIG. 8. FIG. 8 is a top view of the photonic band gap structure 220. 
The photonic band gap (PGB) structure includes periodic layers of a dielectric material which confine a range of fre- 
quencies within such periodic layers (not shown). Defects formed in a 2 -dimensional array of such dielectric layers (2- 
D PBG) provides a guided feedback path 225 along which optical pulses are transmitted. Point defects (not shown) 
optionally formed at the edges of the 2-D PBG structure perform the functions of the splitter/combiner, coupling optical 
20 signals into and out of the feedback path. 

[0043] The frequency-dependent time delay applied to the packet of frequencies contained in the optical pulse can 
be determined mathematically from the transfer function of the all-pass optical filter. For example, when the transfer 
function of the all-pass optical filter is: 



25 



30 



H( Z )=-? (1) 



evaluated at z ■ e y2 *' /FSR wherein / is the optical frequency, and the normalized frequency is f N =//FSR . The split- 
35 ter/combiner design sets the values for z k , wherein z k < 1 . From equation (1 ), the all-pass optical filter has an amplitude 
response of | H(f) | = 1 . Such an amplitude response for the all-pass optical filter means that all frequencies in the packet 
of frequencies pass through the filter without a change in their amplitudes. The phase response <(>(/) of the all-pass filter 
is 



40 



45 



<»(/) = tan 



i \ mH{f) 



wherein the frequency dependent time delay is determined from 



(2) 



50 



(3) 



55 



[0044] Typically, the time delay for the input optical pulse [x^ff] is combined with the time delay applied by the all- 
pass optical filter (t A p(01 so the time delay for the output optical pulse % 0 [f) is expressed as 

* 0 (0 ■ x i(0 + t ap(0 ■ constant. (4) 
The dispersion is proportional to ^ , so when the time delay of the output optical pulse, % 0 {f), approximates a constant 
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value, the dispersion of the optical pulse is expressed as 




(5) 



[0045] Based on the dispersion of the input optical pulses determined from equation (4), the all-pass filter is 
designed. Filter parameters such as the number of stages (feedback paths), feedback path lengths, and splitter/com- 
biner coupling ratios which best approximate 

10 

-x,(0 + constant (6) 

are used to design the all-pass optical filter. An optimization routine may be used to obtain design values which mini- 
mize a given error condition. 

is [0046] For example, in the Nth order all-pass optical filter having a ring resonator structure, the coupling ratios and 
the pole locations for each ring are calculated from the transfer function 

H(z) = e*(pe* ■ z 1 ll-ve j *z 1 ) (7) 

20 wherein the coupler path amplitude transmission is designated by p = V1 -k , where k is the coupling ratio of the ring 
resonator, and <t> is a phase associated with one feedback path. The free spectral range (FSR) is given by 
FSR s c/(n Q 2n R) , where R is the ring radius, and rie is the effective index of the fundamental mode. 
[0047] From equation (7), to produce a pole at z n , for the structure shown in FIG. 6B, requires a coupling ratio of 
ic n = 1 - 1 z n | 2 a phase response of n = arg(z n ) . The rings are nominally the same circumference with an incre- 

25 mental length or index change added to each ring to realize the phase response, e.g. 

or 

30 

. 2nnM 

Heaters 1 85, having a length, /, are optionally deposited on a section of the ring to locally change the incremental length 
and create the desired phase, as shown in FIG 6B. 

35 [0048] Another embodiment of the all-pass optical filter of the present invention forms the feedback path from a 
Mach-Zehnder Interferometer (MZI) as shown in FIGS. 9A and 9B. The MZI structure shown in FIG. 9A has more than 
one coupler, denoted as 308. In the MZI structure 300, a phase shifter 305 is optionally used to tune the coupling of 
optical pulses into and out of the feedback path, providing a tunable all-pass optical filter. The couplers 308 are option- 
ally identical. The MZI structures shown in FIGS. 9A - 9B, are folded to minimize any increase in the feedback path 

40 length. In Fig. 9A, the MZI path lengths of waveguide arms 303, 304 are slightly different, but the difference is much 
smaller than the feedback path length. The slightly different feedback path length provides flexibility for designing wave- 
length dependent feedback coupling. Multiport MZIs, i.e. with greater than 2 arms, could also be used to further control 
the wavelength dependent feedback coupling. 

[0049] In Fig. 9B, the path lengths of each arm 303, 304 are made substantially identical by crossing the waveguide 
45 arms. For such a structure, optical signal loss is reduced by increasing the crossing angle for the waveguide arms. 
Crossing the waveguide arms is desirable for large feedback coupling because the effective k can be made large with- 
out affecting fabrication tolerances. 

[0050] The all-pass optical filters of the present invention are suited for use in optical communication systems. For 
example, all-pass optical filters are suitable for use in optical communication systems which include multiplexers and/or 
so demultiplexers. Coupling one or more all-pass optical filters to the front end of the multiplexer, reduces the dispersion 
of optical signals that are to be multiplexed. Conversely, coupling one or more all-pass optical filters to the back end of 
the demultiplexer, reduces the dispersion of optical signals after they are demultiplexed. In such systems, the one or 
more all-pass optical filters are optionally arranged as a concatenated series. 

[0051 ] All-pass optical filters are also suitable for use in optical communication systems which include a gain equal- 
55 izer filter (GEF). For example, coupling an all-pass optical filter to the front end of a gain equalizer filter optionally 
increases or decreases the amplitude of optical signals transmitted therethrough. Such an amplitude correction is 
important when transmitting optical signals between optical communication systems having different amplitude 
responses. 
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[0052] Optical systems such as WDM systems typically include multiple channels having multiple wavelengths (fre- 
quencies). In some WDM systems it is desirable to reduce the dispersion of each channel, separately. For example, 
many optical f foers have a dispersion slope around 40.08 ps/nm 2 -km. This means that the dispersion applied by the 
optical fiber to each channel is different The problem is that even though the dispersion may be compensated perfectly 
at one wavelength, other wavelengths will have nonzero dispersion due to this dispersion slope. An all-pass filter can 
be designed to compensate the optical fiber's dispersion slope. For such an all-pass optical filter, the coupling ratios or 
partial reflectance values are varied gradually as a function of wavelength. 

[0053] The all-pass optical filter of the present invention is optionally suitable for delaying the transmission of optical 
pulses in time. The all-pass optical filter delays the transmission of optical signals by lengthening the time delay of opti- 
cal pulses transmitted therethrough. 

[0054] The following examples are provided to illustrate a specific embodiment of the present invention. 
Example 1 

[0055] An optical communication system includes an elliptical bandpass filter. The optical system is a WDM system 
with a channel spacing of about 100 GHz, a per channel bit rate of about 8 Gb/s, and a passband width of about 1 1 
GHz. The elliptical bandpass filter has an amplitude response, denoted as 400 in FIG. 10A, as well as approximately 
parabolic group delay across the pass band, denoted as 405. FIG. 10B shows the effects of dispersion on a Gaussian 
pulse 415 after it has been transmitted through the elliptical bandpass filter. 

[0056] A ring resonator structure is desired for the feedback path of the all-pass optical filter. The phase function for 
the elliptical bandpass filter and the all-pass optical filter are then determined as 

*bp(0 + t A p(0 = constant. (8) 

[0057] Based on the group delay for the input optical signals, the number of stages for the all-pass optical filter are 
determined. For this example, assume 4 stages. The all-pass optical filter's group delay response depends on its pole 
locations. Both a magnitude and a phase must be specified for each pole. The pole locations are determined from H(z) 
(see equation 1). An initial choice for the pole locations is made to start the optimization process. The pole locations are 
then varied to minimize an error criterion. The following error criterion was used 

N 

E = Z Kap('a>« bpVr)-*apVc>*bpVc)\ 2 (9) 

*o1 



where the passband is sampled at N points, f k , and f c is the frequency at the center of the passband. (See also, Mad- 
sen, C. et al. "Optical All-Pass Filters for Phase Response Design with Applications for Dispersion Compensation", 
IEEE Phot. Technd. Lett., vol. 10, no. 7, pp. 994-996, July (1998) and also Madsen, C. et al., "A General Planar 
Waveguide Autoregressive Optical Filter", J. Light Technol., vol. 14, no. 3, pp. 437-447, March (1996), which are hereby 
incorporated by reference). 

[0058] The resulting filter parameters for the all-pass optical filter are given in TABLE 1. The filter parameters for 
both the coupled ring structure (iq_ ,<(>,_) and the coupled cavity structure (|p J, <t> L + % + Zp L ) are listed. In TABLE 1 , k 
is the coupling ratio of the rings, 4 is the phase of the rings or cavities, and p is the partial reflectance of the reflectors. 
TABLE 1 also includes the filter parameters for the cascade ring structure and the cavity structure 

(|p c l- + n + z Pc)* The phases,^, are given in radians. 



TABLE 1 



Coupled 


Cascade 




IplI 






IPcl 


4>c 


0.0000 


1.0000 


0.0000 


0.2079 


0.9027 


-0.0732 


0.0133 


0.9933 


0.0000 


0.2079 


0.9027 


0.0732 


0.0284 


0.9857 


0.0000 


0.1910 


0.8923 


0.2258 


0.0848 


0.9567 


0.0000 


0.1910 


0.8923 


-0.2258 


0.5894 


0.6408 
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[0059] The all-pass optical filter has a group delay characteristic, denoted as 408 in FIG. 1 0A. When the Gaussian 
pulse having a pulse characteristic described by 41 5 is transmitted through the all-pass optical filter with the parameters 
described above, the dispersion of the resulting optical pulse 425, is reduced as shown in FIG. 10C. 

Example 2 

[0060] All-pass optical filters are also useful for delaying an optical pulse in time. A 4 th order all-pass filter is chosen 
to approximate a delay time of 1 6 au (arbitrary units) over the normalized frequency range of 0.4 to 0.6. The filter param- 
eters for a cascade structure using either rings (k,<|>) or cavities (p,<|> + n + Zp ) are shown in TABLE 2. 



TABLE 2 



IpI 


K 


* 


0.8169 


0.3326 


2.7278 


0.7721 


0.4039 


3.0009 


0.8169 


0.3326 


-2.7278 


0.7721 


0.4039 


-3.0009 



The time delay for an all-pass optical filter with the parameters described above is shown in FIG. 1 1 . The group delay 
applied to frequencies within the passband is essentially constant and much larger than the group delay applied to fre- 
quencies outside the passband. 

Example 3 

[0061 ] An all-pass filter described below compensates for the dispersion slope of an optical fiber. The all-pass opti- 
cal filter is designed to compensate the dispersion slope of 250 km of fiber over a 40 nm range. The difference in dis- 
persion at 1525 nm and 1565 nm is designed to be 800 ps/nm, with the longest wavelength having the most negative 
dispersion. The FSR is chosen to be an integer multiple of the system channel spacing. For this example a value of 25 
GHz is selected. The bandwidth over which the dispersion approximates a constant value is about 5 GHz. The all-pass 
optical filter parameters (phase, partial reflectors or couplers) are optimized at several wavelengths over the 40 nm 
range for the specific dispersion required at each wavelength. A set of filter parameters (one for each wavelength) are 
determined. The parameters are shown in TABLE 3 for a cavity structure. The phase values, h of the all-pass optical 
filter were constrained to be constant to simplify fabrication requirements. For the reflector design the cavity phase is 
given by <fr + n + /Lp . 



TABLE 3 





WAVELENGTH 




1525 


1535 


1545 


1555 


1565 


Ip1l 


0.000 


0.005 


0.067 


0.132 


0.175 


|p2| 


0.031 


0.098 


0.117 


0.143 


0.202 


|p3| 


0.096 


0.207 


0.247 


0.280 


0.299 


4>1 


-1.992 


-1.992 


-1.992 


-1.992 


-1.992 


4* 


-1.534 


-1.534 


-1.534 


-1.534 


-1.534 


4>3 


2.981 


2.981 


2.981 


2.981 


2.981 



[0062] The resulting dispersion correction for each wavelength is shown on the graph of FIG. 12. For wavelengths 
near 1 565 nm, the dispersion is about - 1 0OOps/nm. For wavelengths near 1 525 nm, the dispersion is about -200 ps/nm. 
Thus, the all-pass optical filter compensates for the dispersion slope of the fiber. 
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Claims 

1 . An all-pass optical filter comprising: 

an input port; 

an output port; 

a splitter/combiner; and 

at least one feedback path, wherein the all-pass optical filter is configured to apply a desired phase response 
to an optical pulse input to the all-pass optical filter, wherein the input optical pulse has a packet of frequencies, 
each frequency having an amplitude, and wherein the all-pass optical filter is further configured to substantially 
preserve the amplitude of each frequency of the optical pulse transmitted through the all-pass optical filter. 

2. A method of reducing the dispersion of optical pulses comprising the steps of: 

inputting an optical pulse into an all-pass optical filter, wherein the all-pass optical filter includes an input port, 

an output port, a splitter/combiner, and at least one feedback path, and wherein the input optical pulse contains 

a packet of frequencies, each frequency having an amplitude; 

applying a desired phase response to the optical pulse input to the all-pass optical; and 

transmitting the optical pulse out of the all-pass optical filter, wherein the amplitude of each frequency of the 

optical pulse transmitted through the all-pass optical filter is substantially preserved. 

3. The filter of claim 1 , or the method of claim 2, wherein the at least one feedback path of the all-pass optical filter 
comprises at least one ring resonator, and/or the at least one feedback path comprises a plurality of ring resonators 
arranged as a ring cascade, or the at least one feedback path comprises a plurality of ring resonators arranged as 
a series of coupled rings, or the at least one feedback path of the all-pass optical filter comprises one or more cav- 
ities and a plurality of reflectors, and wherein one reflector of the plurality of reflectors has a reflectivity of about 
100%. 

4. TTie filter of claim 3, or the method of claim 2, wherein one or more reflectors in the plurality of reflectors is a partial 
reflector. 

5. The filter of claim 1 or the method of claim 2, wherein the at least one feedback path of the all-pass optical filter 
comprises a photonic band gap (PBG) structure. 

6. The filter of claim 1 , or the method of claim 2, wherein the photonic band gap structure includes a plurality of peri- 
odic layers of a dielectric material for confining the packet of frequencies of the optical pulse. 

7. An optical communication system comprising one or more all-pass optical filters, wherein the one or more all-pass 
optical filters include: 

an input port; 

an output port; 

a splitter/combiner; and 

at least one feedback path, wherein the all-pass optical filter is configured to apply a desired phase response 
to an optical pulse input to the all-pass optical filter, wherein the input optical pulse has a packet of frequencies, 
each frequency having an amplitude, and wherein the all-pass optical filter is further configured to substantially 
preserve the amplitude of each frequency of the optical pulse transmitted through the all-pass optical filter. 

8. The optical communication system of claim 7, wherein the all-pass optical filters are arranged as a concatenated 
series. 



Patent provided by SugljQfe Mion, PLLC - http://www.sughrue.com 



EP 0 997 751 A2 



FIG. 1 



i 1 r 3 

LIGHT SOURCE — 1 — 


i . r 3 

OPTICAL FIBER — ' — 


OETECTOR 







I.On 



FIG. 2k 

A/ 

17 ^10 



POWER 



/I 




1<5 

V 5 



TIME (T) 
INPUT OPTICAL PULSE 

FIG. 2B 



1.0-, 



15 /15j 5 



POWER 



25 




TIME (T) 
OUTPUT OPTICAL PULSE 



Patent provided by Sughruej!\|ion, PLLC - http://www.sughrue.com 



EP 0 997 751 A2 



FIG. 3 
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FIG. 5 
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Optical add/drop filter using 2D photonic crystal - proposal of in-plane heterostructure 

T. Asano, M. Mochizuki, B. S. Seong, and S. Noda 

Kyoto University Graduate School of Engineering, CREST-JST 

[Introduction] We propose an optical add/drop device using single defects in 
two-dimensional photonic crystal slabs, and investigate the operation thereof 1 } . Until 
now, in acceptor-type defects, controlling the add/drop wavelength has mainly been 
carried out by changing the size of the defects. In this method, when the wavelength is 
changed, properties such as the effectiveness of the add/drop and the like change, and 
thus, separate control for maintaining constant properties becomes necessary 2 *. In 
addition, in a donor-type device 3, 4) , it is thought that the control of the wavelength by 
using the size of the defect is inherently difficult. Thus, here we propose a method in 
which it is possible to control the wavelength with respect to any type of defect and it is 
also possible to maintain the add/drop efficiency by using an in-plane heterostructure. 
[Proposal] The Maxwell equation, which provides the basis for the properties of the 
photonic crystal, takes a form in which the equation itself is not dependent on the size of 
a when the length is normalized using a and the frequency is normalized using c/a. 
Thus, as shown by the figure on the right, in the case in which only the reference of the 
length is changed from a to b and a proportional structure is produced in which the 
whole changes by b/a times, the resonance frequency of the defects is changed by b/a 
times, but the non-dimensional quantity of the add/drop efficiency is not changed. By 
using this method, it becomes possible to change only the resonance frequency of the 
defects while maintaining a constant add/drop efficiency. Furthermore, as shown in 
the figure on the right, by using an in-plane heterostructure that is linked to the photonic 
crystal region in which the reference of the length is different along the propagation 
direction of the waveguide, it becomes possible to produce an optical add/drop device 
having uniform add properties. In addition, although it is necessary to investigate the 
influence of reflection at the hetero-junction surfaces in this method, according to the 
results of an investigation using three-dimensional FDTD, it was understood that if the 
change in the period at the hetero-junction is about 2%, the reflection of the guided light 
can be ignored. This 2% change in the cycle corresponds to a change in the resonance 
wavelength of 30 nm in the 1 .5 fim band, and thus it can be said that the reflection of 
the hetero-junction surfaces can be ignored in the practical wavelength control range. 
The details will be announced on the day of the lecture. 
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Figure 

Conceptual Drawing of an In-plane Heterostructure 

Photonic Crystal A 

• Reference a of length 

• Resonance frequency £ a of defect 

• Add/drop efficiency t] 9 



Photonic crystal B 

• Reference b of length 



• Resonance Frequency fb = f a x a/b 

• Add/drop frequency rib - r\& 
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A study on chirped photonic crystal waveguides 
Yokohama National University 
D. Mori and T. Baba 

We have proposed photonic crystal devices 1 *' 2) that use a heterostructure, and in our 
present research, we are investigating the introduction of a chirped structure that 
gradually expands or reduces the hole diameters of single line defect waveguides in 
photonic crystal slabs, as shown in FIG 1(a). The TE-like fundamental waveguide - 
band, which is the photonic bandgap zone, is between the cut-off frequency, where the 
group velocity is 0, and frequencies that are in the radiation mode defined by the light 
line 3) . When the hole diameters of a photonic crystal that have the same pitch are 
changed, the waveguide band thereof rises or falls. Therefore, it is possible to obtain 
the phenomenon in which, as shown in FIG 1(b), the group velocity of the light 
gradually decreases, and the phenomenon in which, as shown in FIG 1(c), the light 
along the waveguide passes beyond the light line and is radiated. By optimizing the 
chirp function, it is thought that the former phenomenon can be applied to the delay and 
dispersion control of light, oscillators and the like, and the later phenomenon can be 
applied to light filters and the like. The waveguide band region for a normalized hole 
diameter 2r/a, which is obtained by a two-dimensional photonic band calculation using 
2.963 as the equivalent refractive index of a slab, is shown in FIG 2. By chirping the 
holes with 2r/a in a range of 0.5 to 0.7, these effects can be expected. The inserted 
figure shows the state of propagated light, for which alX = 0.26, stopping at the position 
where 2r/a = 0.7. 
References: 

1) T. Sato et aL, JQE 38 (2002) 904 

2) Asano et al, Japan Society for Applied Physics (2002) p. 29p-L9 

3) Notomi et al., Phys Rev. Lett. 87 (2002) 253902 

FIG 1 (a) a waveguide structure that chirps the hole diameters; (b) the reduction of the 
group velocity; (c) the appearance of the radiation due to the light cone. 
FIG 2 Region of the fundamental waveguide band; the inserted figure is the FDTD 
calculation result for the magnetic field distribution that is normal to the surface 
showing that the light has stopped at aJX = 0.26. 
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A Dispersion Compensator Using Coupled Defects 

in a Photonic Crystal 

Kazuhiko Hosomi and Toshio Katsuyama 



Abstract — We propose a new type of dispersion compensator 
that uses the characteristics of light traveling in a coupled defect 
waveguide (CDW) in a photonic crystal. By using a theoretical 
computation based on the plane* wave method, we show that the 
CDW band appears within the bandgap and its characteristics are 
well reproduced by the tight-binding (TB) model. We calculate the 
wavelength dispersion of light propagating in the CDW using TB 
formalism. The calculated result shows an inherently large dis- 
persion of the CDW, which enables the realization of an extremely 
small dispersion compensator of a few tens of millimeters in size. 

Index Terms — Coupled defect waveguide, dispersion compen- 
sator, group velocities, photonic crystal, tight-binding model. 



I. Introduction 

THE PAST few years have witnessed growing interest in 
the use of photonic crystals as a new type of material that 
can be used to control electromagnetic waves. The photonic 
crystal is a multidimensional periodic structure comprising 
combinations of two or more media different in refractive 
index. In these structures, the electromagnetic wave propaga- 
tion is inhibited in certain frequency ranges, which is called a 
photonic bandgap, analogous to electronic bandgaps in semi- 
conductors [1], [2]. Various types of optoelectronic devices that 
use photonic crystals have been presented [3]-[6]. In particular, 
waveguides that are formed by removing a series of elements 
have attracted much attention [7]— [13]. This is because a planar 
lightwave circuit (PLC) having dimensions of only a few 
hundred square micrometers, and thus called a /z-PLC [14], can 
be realized by using just such a type of waveguide. 

Recently, a new type of waveguide was theoretically proposed 
and experimentally demonstrated [15H20]. It is a waveguide 
based on light transmission in the coupled microcavity. The con- 
cept is as follows. By introducing a point defect, i.e., a nonuni- 
form element, in the periodic structure of a photonic crystal, it is 
possible to create highly localized defect modes within the pho- 
tonic bandgap. That is, such a defect forms an ideal microcavity 
in which a localized light field is strongly confined with a high 
quality factor. However, when cavities are placed at a suitable 
distance, an overlap between the nearest-neighbor fields causes 
the photons trapped in a single defect to transfer to the neighbor. 
This picture of the photon transmission is an optical analog one 
of the tight-binding (TB) formalism, which has been proven to 
be very useful in studying the electronic properties of solids. 
In a series of defects, the propagation is sequentially repeated 
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and incident light propagates through the defects one after an- 
other. This demonstrates the principle of a waveguide that con- 
sists of serial defects in a photonic crystal. We call this type of 
waveguide a coupled-defect waveguide (CDW). According to 
the TB picture, the group velocity shows continuous change in 
the CDW band and the maximum value is quite small. More- 
over, since the light propagation in a CDW is caused by the 
overlap between nearest-neighbor fields, sharp-bend and zigzag 
structures are possible. Thus, a CDW has potential suitability for 
use as the waveguide in a ^-PLC. 

In addition to the above-mentioned application, the disper- 
sion compensator is one of the most promising applications 
of a CDW. A dispersion compensator is one of the key de- 
vices in a high-bit-rate optical communication system. The 
signal-pulse waveform is degraded through its traveling in 
the optical fiber, because the fiber has wavelength dispersion. 
This waveform degradation is a serious factor that restricts the 
transmission distance and transmission capacity of an optical 
communications system. Therefore, the use of pulse-reshaping 
technology is required, particularly in a high-bit-rate optical 
communications system. Hie waveform reshaping is done with 
a simple method: by inserting a waveguide having dispersion of 
the opposite sign. Hence, degradation of the waveform is can- 
celled out. In the current system, the dispersion-compensating 
fiber (DCF) is the most commonly used However, since the 
absolute value of dispersion of a DCF is as small as a few tens 
of picoseconds/nanometers/kilometers, a few-kilometers-long 
fiber is necessary to compensate completely, which makes the 
compensator large and expensive. Therefore, a compact and 
low-cost dispersion compensator is required by the market 
place. 

In this paper, we present a dispersion compensator whose 
specifications satisfy the requirements for its use in a 
high-bit-rate optical communications system. We first discuss 
the characteristics of a photon traveling through the coupled 
defect waveguide in photonic crystals, which is based on the 
results of the calculation performed by solving Maxwell's 
equations using the plane-wave method. We next describe 
a dispersion compensator that meets these requirements by 
using the characteristics of light traveling in coupled defects 
in a photonic crystal. Next, we analyze these results using the 
tight-binding formalism and calculate the dispersion value of 
the light traveling in the CDW. 

n. Model Structure and Calculated Results 

Fig. 1 shows a model structure that is made of a sequence of 
defects in a 2-D photonic crystal. The lattice consists of a square 
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Fig. 1 . The modeled structure: the coupled defect waveguide in a 2-D photonic 
crystal. 




Fig. 2. Plot of the single-defect state with a function of r/ u The TM bandgap 
map for a complete square lattice of dielectric rods is also shown. The assumed 
refractive index n is 0.35. 

array of dielectric rods in air with lattice constant a. The refrac- 
tive index of ihe rods is 3.5 and their radius is r. The CDW struc- 
ture is formed by removing every nth rod in the T-X direction. 
Thus, the defect separation constant R is n times as large as the 
lattice constant a: R- na. In Fig. 1, the square disclosing rods 
and defect indicate the supercell for the theoretical calculation. 

The computations were done using the M IT Photonic-Band 
[21], [22], a software package used to compute the defi- 
nite-frequency eigenstates of Maxwell's equations by using the 
plane-wave method 

We show first the calculated results for the single-defect state: 
the eigenstate of the isolated single defect in a photonic crystal. 
Fig. 2 shows a single-defect state for the TM mode as a func- 
tion of r/a. Here, we focus the discussion on the TM mode, 
because the square-rod structure has a bandgap only in the TM 
mode. In Fig. 2, the white area surrounded by the gray area in- 
dicates a bandgap that opened in the region of 0.06 < r/a < 
0.42. The thick line crossing the bandgap region represents the 
single-defect state. We see a unique defect state in the region of 
0.1 < r/a < 0.3. Since the defect state is in the center of the 
bandgap at r/a = 0.16, we set the r/a of 0.16 in the following 
calculation. When r/a = 0.16, the bandgap opens at 0.3165 < 
u)a/2KC < 0.4618 and the defect state is at ura/2nc = 0.3896. 
Fig. 3 shows the electric-field distribution of the defect state at 
r/a =s 0.16. As seen in this figure, the defect supports a funda- 
mental mode. 
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Fig. 3. Electric-field distribution of the single-defect mode wheni/a = 0.16. 
The corresponding normalized frequency no/2irc is 0.3896. 
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Fig. 4. Calculated dispersion diagrams of the CDW bands for i? = 2a, 3<i, 
4<7, and 0a. 



Fig. 4 compares the calculated dispersion relation, which is 
the relation between the normalized frequency and kRf-n, for 
R = 2a, 3a, 4a, and 5a. As shown in Fig. 4, each band has a 
wavevector dependence. If each single microcavity is not cou- 
pled to its neighbor, the eigenfrequency is independent from the 
wavevector. Thus, the wavevector dependence on a normalized 
frequency means that the defects are coupled to each other and 
light can travel through the sequence of defects. 

As shown in Fig. 4, the normalized frequency of the CDW 
band changes widely when R = 2a. Also, the range of changes 
in the normalized frequency of the CDW band decreases with in- 
creases in R\ the bandwidths Au; are 0.0365, 0.0107, 3.23- 10~ 3 , 
and 1.05- 10"" 3 for R - 2a, 3a, 4a, and 5a, respectively. 

Fig. 4 also shows another remarkable feature: the R depen- 
dence of the slope direction of the frequency change. When 
R — 2a or 4a, the normalized frequency decreases with in- 
creases in wavevector. On the other hand, when R = 3a or 5a, 
the slope of the bands is the opposite. At present, we cannot 
offer a lucid explanation; however, further study is needed to 
understand this phenomenon completely. 

in. Tight Binding analysis 

The calculated band structures are analyzed using the TB for- 
malism [17], [18], [23], [24], Whereas, various forms based on 
the TB model have been successfully applied to photonic sys- 
tems, we adopted the notation used by Yariv et ai [18]. As- 
suming that the resonant frequency of each defect cavity is de- 
fined as fi, and the angular frequency of the light traveling 
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Fig. 5. Comparison berween the TB model (solid lines) and the resulting 
calculations using plane-wave method (closed circles): (a) R is 2a, (b) 3a, 
(c) 4a, and (d) 5a, In each chart, the lines represent the plots of (1), where k 
and Aa are fitting parameters. 



through a CDW is defined as u, the following relation is es- 
tablished under the TB approximation: 



where « indicates a coupling factor that is the value related to the 
overlapping of the electric field between the localized modes. 
k indicates a wave vector of the light traveling in a CDW. In 
the process of deriving (1), the following are assumed: 1) the 
individual defect modes are strongly localized; 2) interactions 
between these localized modes are weak; 3) interactions other 
than those between the nearest neighbor localized modes can be 
disregarded. 

A group velocity Vg of the light propagating in the coupled 
defects is represented by the following equation: 



die = 




0 0.2 0.4 0.6 0.8 1 

Fig. 6. Normalized group velocity diagrams. As in Fig. 4, symbols represent 
the result of plane-wave method and lines the plot of (2). As the coupling factor, 
listed values in Table I are used. 



TABLE I 

List of the Values of k and Act. They are Derived From the 
Relations of |*| = and Ao = 2 - (u, w + * mi „)/a 

Which Means FrrnNG in Dispersion Diagram 



R 


M 


Act 


2a 


4.68E-02 


-2.4IE-03 


3a 


1.38E-02 


-5.26E-04 


4a 


4.14E-03 


2.18E-04 


5a 


1.35E-03 


3.2IE+00 



= - JEfV* 2 ~ ("/tt - l) 2 - 



(2) 



It is understood from (1) and (2) that transmission can only 
occurin the region between u/ = (l-«)nandu> = (l + *)ft.In 
this frequency range, group velocity follows a sine curve; \Vg\ 
takes a maximum value | - kBTI\ when w = ft, while it takes 
the minimum value of 0 when u = (1 ± «)ft. 

Fig. 5 compares the dispersion relation calculated using the 
plane-wave method (symbols) and the TB model calculation 
(solid line). Here, the amplitudes of k and Aa are determined 
using the following relation; |*| = Au>/2Q and Aa = 2 - 
(t*W x + u/nunj/n. The derived values are listed in Table I. As 
seen in this table, k decreases rapidly as the defect separation R 
increases. This corresponds to the picture that the coupling be- 
tween defects is getting weak as the defects separate from each 
other. 

The charts in Fig. 5 show good agreement between curves 
and symbols; the TB model reproduces well the trend of the 
change in frequency. When one looks at the details, it is apparent 
that the agreement between the symbols and curve in Fig. 5 be- 
came better as R is increased. This can be explained as follows. 
Since the TB model considers only the interactions between the 
nearest neighboring localized modes, it cannot be a good ap- 
proximation when interactions with the defects other than the 
nearest neighbor remain. In our calculation, as the defect sepa- 
ration becomes large, the interaction between localized modes 
becomes small; thus, the TB model is able to describe the phe- 
nomenon better. 

Fig. 6 shows the absolute value of the group velocities of 
transmitted light by a CDW as a function of kR/n . In Fig. 6, the 
symbols denote Vg/c from the plane-wave-method calculation 
and the curves are a plot of (2). The values of k listed in Table I 
are used as the coupling factor in the TB model. Note the values 
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* of k that are derived by fitting the normaiized-frequency curves 

also provides good agreement in the group velocities. 

The Vg/c takes on its maximum value at the band center; 
i.e., 0.229, 0.101, 0.041, and 0.016 for R = 2a, 3a, 4a, and 5a, 
respectively. This result indicates that group velocities of the 
light traveling in the CDW is only 1.6% to 23% and these group 
velocities have a large R dependence. As shown by (3), Vg de- 
pends on both R and k. However, a decrease in « is more influ- 
ential than an increase in R f because « changes more drastically 
than R. Accordingly, the group velocity decreases rapidly when 
the defect separates further. It is important to note mat the ex- 
tremely small group velocities, such as those shown here, point 
to the possibility of various applications as well at its use as a 
dispersion compensator. 

IV Dispersion of the Light in the CDW 

As discussed in the preceding section, the TB approximation 
showed good agreement with the ab initio result, and we cer- 
tified the adequacy of applying the TB model to the coupled 
defect waveguide system. Consequendy, we concluded that a 
reliable value of the wavelength dispersion is given by using the 
TB model. 

A wavelength dispersion D is given by the following 
equations: 

where A 0 means the resonant wavelength of a single cavity and 
A corresponds to the operation wavelength. As described in Sec- 
tion n, in our structure, the resonant frequency of the single-de- 
fect state is given by fta/27rc = 0.3896. Thus, we obtain the 
relation between lattice constant a and resonant wavelength Aq' 
A 0 = 0.3896a. Consequently, the required lattice constant a is 
0.604 /xm when we set the resonant wavelength A to 1.55 pirn. 

Fig. 7 shows the wavelength dispersion calculated using (3). 
Note that the ranges of the horizontal and vertical axes are ad- 
justed in each chart so that they are intelligible. In each chart, 
the dispersion curves show the same trend. That is, the disper- 
sion value D changes almost linearly in the central region, while 
it changes drastically around the band edge. We focus the dis- 
cussion on this central gentle inclination region, because it is 
suitable for device applications. When R — 2a, D changes 
from -0.2 to 0.2 ps/nm/mm in the linear region; in the same 
manner, ranges of D are ±2 ps/nm/mm, dblO ps/nm/mm and 
±80 ps/nm/mm for R = 3a, 4a, and 5a, respectively. It should 
be noted that these absolute dispersion values of CDW are quite 
large. For example, the dispersion value of 10 ps/nm/mm, which 
is obtained when R > 4a, is over five orders of magnitude 
than that of a DCF whose dispersion is a few tens of picosec- 
onds/nanometers/kilometers. Therefore, this CDW can provide 
a compact dispersion compensator of a few tens of millimeters 
scale. 

As shown above, there is a large R dependence of the D range 
as well as in bandwidth, whereas the shapes of the dispersion 
curves are independent of R. As discussed in the argument about 
group velocities, the change in k accompanying the change in R 
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Fig. 7. Calculated dispersion value for (a) R = 2o, (b) 3a, (c) 4a, and (d) 5a . 
The vertical and horizontal ranges are adjusted in each chart. 

mainly contributes to the R dependence of the dispersion char- 
acteristics. In other words, « is the most essential parameter that 
determines the characteristics of the light, such as the dispersion 
range. Consequently, the control of « should be taken into con- 
sideration in the design of an actual device. 

Next, we would like to discuss an actual application to a 
practical system. In a high-bit-rate WDM optical communica- 
tion system, the signal pulses are individually reshaped in each 
channel after being demultiplexd, where a tunable dispersion 
compensator is required because the dispersion must be pre- 
cisely compensated. The principle of tuning is as follows. When 
the refractive index of a dielectric material changes, the eigen- 
frequency of the single-defect state ft shifts. Since this change 
in the eigenfrequency causes a shift of the dispersion curve, the 
dispersion value also shifts for the fixed operation wavelength. 
Consequently, we can control the dispersion value by changing 
the refractive index of the material. Fig. 8 shows the disper- 
sion change as a function of the refractive-index-change rate. 
As can be seen in this chart, a 0.6% change in the refractive 
index induces an 8-ps/nm/mm change in dispersion. Therefore, 
only a 20-mm length of the waveguide can tune a dispersion up 
to ±160 ps/nm, which is enough to compensate for the disper- 
sion caused in a few-kilometers-long optical communications 
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Fig. 8. Relation between induced refractive index change and change in 
dispersion value. 

system. Therefore, the coupled defect waveguide has a poten- 
tial advantage for exploiting the tunability of the dispersion. 

V. Summary 

We have discussed the characteristics of a photon traveling 
through a coupled defect waveguide in a photonic crystal. 
We first calculated the propagation characteristics by solving 
Max weirs equations using the plane- wave method. It was 
shown that the CDW band appears within the bandgap and 
its characteristics are well reproduced by the tight-binding 
model, which is analogous to the description of an electronic 
system in solid-state physics. Then, we presented a dispersion 
compensator that uses the characteristics of a CDW. Due to the 
inherent large dispersion of the light propagating in the coupled 
defect system, an extremely small dispersion compensator of 
a few tens of millimeters in size can be achieved. Moreover, 
a tunable compensator that meets the requirements of optical 
communications systems can be realized by inducing a small 
refractive index change. We believe that a dispersion compen- 
sator using a CDW can become a photonic crystal device that 
is commercially provided in the near future. 
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